ABSTRACT
INTRODUCTION
Structural comparison of proteins that induce an allergic response in atopic individuals can be used to predict allergenic cross-responses (Ipsen and Lowenstein, 1997) , and eventually to determine possible common characteristics of IgE recognition (Breiteneder and Ebner, 2000; Lascombe et al., 2000; Midoro-Horiuti et al., 1999; Soman et al., 2000; Wellhausen et al., 1996) . Existing allergen databases are simple lists of information, with limited search capability. The IUIS website (http://www.allergen. org) provides a list of standardized allergen nomenclature. As the names are based solely on biological source, they do not indicate sequence and structural similarities shared by many allergens (Aalberse, 2000; Rouvinen et al., 1999; Spangfort et al., 1999) . Other websites dedicated to allergy and asthma, such as the Allergy advisor (http:// allergyadvisor.com/), suggest possible cross-reactions between foods that are based primarily on clinical observations. None of these sites provide an overview of the available information on allergenic proteins in a form useful for researchers in the field.
We have thus developed the Web tool SDAP (Structural Database of Allergenic Proteins), to integrate information about allergenic proteins with various bioinformatics tools that allow an easier overview of allergens, and where known, their epitopes. Sequence and structural data on allergens from SwissProt (Bairoch and Apweiler, 2000) , PIR (Barker et al., 2001) , NCBI (Wheeler et al., 2001) , and PDB (Berman et al., 2000) have been assembled in SDAP. The data is organized in tables that are maintained and cross-searched by the relational database management system MySQL. A user can search for structural neighbors of allergens or known epitopes using the built-in sequence search tools and the 3D structure comparison methods linked directly to SDAP. We show here that one can use the SDAP data lists and the integrated search tools to detect and predict cross-reactivities among common allergen triggers. This rapid search tool should be of immediate value to clinicians and researchers in allergy and asthma.
SYSTEM AND METHODS

Data selection
Our first aim is to build a systematic, searchable collection of structural and biological information about allergenic proteins. The current lists were assembled from major sequence (SwissProt, PIR and NCBI) and structure (PDB) databases, guided by the list of allergen names from the IUIS website. Where a novel allergen is described that is not yet included in the official list, the name given in the primary literature is used as long as it is consistent with the IUIS conventions. Supplemental information from the literature has been included, to both verify the entries and provide data on proteins that have not yet been incorporated in the general protein databases. As there is no openly available database summarizing information on known epitopes of allergenic proteins, the epitope list in SDAP is based solely on primary literature sources.
SDAP structure
The database component of SDAP is implemented with MySQL under Linux. The information is collected in tables according to: allergen type; species; systematic name and brief description; and sequence accession numbers from SwissProt, PIR, NCBI and, where available, the PDB file name. The data files retrieved from SwissProt, PIR, NCBI, or the PDB are stored within the main SDAP database, and can be accessed directly to provide additional information.
SDAP is an Internet service that uses a web browser to communicate with the MySQL database and various software tools, as depicted in Figure 1 . The user fills an HTML form query by selecting the search domains, various key words and parameters. Subsequently, the information from the HTML form query is encoded, sent to the server that runs SDAP, and interpreted by specific CGI scripts written in C. These CGI scripts represent the interface between the web browser and the various services offered by SDAP, including the search of the MySQL database, bioinformatics tools, and links to other web databases and programs. After an MySQL database interrogation, a CGI script interprets the results and generates on-the-fly an HTML page that is sent back to the web browser that initiated the query.
Current status
In its present release, SDAP allows searches restricted to the following fields: allergen name (according to the IUIS website listing), scientific and common name for the species, origin, and description. All queries implement an approximate, case insensitive search; for example, the allergen name 'Ves v' returns results for three allergens from Vespula vulgaris (yellowjacket), Ves v 1, Ves v 2, and Ves v 5. Subsequently, the user can narrow the search and select a particular allergen, to obtain specific information, such as sequence and accession numbers for protein databases. For example, selecting the Ves v 5 allergen returns the SwissProt accession number VAS VESVU and the PDB accession number 1QNX. A further selection of the SwissProt accession number will open the SwissProt file for Ves v 5, while selecting the PDB accession number returns a page with links to the 1QNX file from PDB. The user can then compare this structure to related ones using the tools provided within the PDB. Alternatively, SDAP is also directly connected with other bioinformatics servers, allowing the user to investigate structural similarity and neighbors using SCOP (Structural Classification Of Proteins; Conte et al., 2000) , TOPS (TOpological representation of Protein Structure; Gilbert et al., 1999) , CATH (Class, Architecture, Topology and Homologous superfamily; Pearl et al., 2001) , CE (Combinatorial Extension of the optimal path; Shindyalov and Bourne, 1998), FSSP (Fold Classification based on Structure-Structure alignment of Proteins; Holm and Sander, 1996) , and VAST (Vector Alignment Search Tool; Gibrat et al., 1996) . All links to the web servers are formatted for the specific allergen selected by the user.
Implemented sequence comparison tools SDAP is not just an information storage and retrieval system. Various tools for performing structural studies of allergens or characterizing their epitopes are directly accessible from the site. SDAP is the first allergen database that allows a user to retrieve and characterize IgE epitopes of allergenic proteins. Epitope sequences, taken from the literature, are being added continuously to the database. Two SDAP tools are available for comparing the sequences of allergenic epitopes with those of all the proteins in the database: a peptide exact match and a peptide similarity search using a property distance function developed in this group. While the first type of search will identify only sequences that match the query exactly, the second method can identify allergens that may not have significant overall sequence similarity, but contain a peptide with matching physical properties. This original procedure implements a protein sequence similarity search based on the five dimensional descriptors E 1 -E 5 of amino acids properties derived from a pool of 237 physico-chemical properties (Venkatarajan and Braun, 2001 ). The similarity between two sequences A and B, each one consisting of N residues, is computed with the property distance function PD:
(1) where λ j is the eigenvalue of the jth E component, E j (A i ) is the E j value for the amino acid in the ith position from sequence A, andE j (B i ) is the E j value for the amino acid in the ith position from sequence B. Starting from a peptide from the SDAP epitope database or provided by the user, the SDAP tool calculates a similarity index between the query sequence and each sequencewindow with the same length from the allergens collected in the SDAP protein database. The search result is a list of similar sequences identified in allergenic proteins, presented in decreasing order of similarity (increasing PD) with the query sequence. Besides epitope identification, this tool can be used to find conserved sequences in the allergens from the SDAP protein database.
RESULTS
Predicting cross-reactivity by peptide matching
Patients sensitive to an allergen may also be sensitive to completely different food or environmental triggers. Especially in severe allergy, clinical evaluation of potential allergens through oral or skin testing may not be possible (Sicherer, 2001) . Thus rapid prediction of potentially cross-reactive allergens is an essential clinical tool, as the patient can be warned to avoid related sources.
Crustaceans, particularly shrimp, are among the common foods that induce hypersensitivity reactions (Leung et al., 1994) . Ingestion of crustaceans by shellfish-sensitive persons can produce urticaria, angioedema, laryngospasm, and even life-threatening anaphylaxis. A molecular basis for cross reactivity among crustacean species, based on the similarity of their tropomyosins, was previously suggested (Leung et al., 1998) . We show here how SDAP can be used to predict allergens that contain epitopes similar to those identified for the Pen i 1 protein, a major allergen of shrimp (Penaeus indicus; Shanti et al., 1993) .
First, the peptide matching tool of SDAP was used to detect all allergens containing the IgE epitope sequence FLAEEADRK. As Table 1 shows, tropomyosin allergens Met e 1 (from another shrimp species), and Pan s 1, Cha f 1, and Hom a 1 from lobster and crab also contain this sequence. These proteins are all about 90% identical to one another.
Sequence similarity search suggests a much wider range of possible cross-reactive allergens
To identify more distantly related allergens, the same epitope query was then used with the property-based, peptide similarity search. In addition to those in Table 1 , the SDAP peptide similarity function detected similar sequences in about 15 entries (of the approximately 1800 sequences in the database). As Table 2 shows, tropomyosins of several insect and mollusk species (overall sequence identity is about 50-60%; (Aki et al., 1995; Leung and Chu, 2001; Santos et al., 1999) have similar regions with the FLAEEADRK shrimp IgE epitope. Cross-reactivity between crustacean, mollusk and insect allergens has also been confirmed by clinical tests with sera from patients sensitive to cockroach allergens (Leung and Chu, 2001; Santos et al., 1999) . Indeed, it has been suggested that allergy to snail consumption may originate in sensitization to house dust mites (Sicherer, 2001) and there is a report that allergen immunotherapy with European house dust mite (Dermatophagoides pteronyssinus) may trigger severe reactions to mollusks and Crustacea (vanRee et al., 1996) . The last allergen listed, Der p 1, is not a tropomyosin, but a fecal allergen from the European house dust mite with similarity to the cysteine proteases (van Oort et al., 2002) . This result suggests that the actual sensitizing sequence of the tropomyosins may be common to allergens from other protein families.
Statistical significance of the PD index
The user may determine what threshhold value of the PD sequence similarity index to use as a quantitative characterization of IgE epitope similarity. As an illustration of a typical distribution of PD values, the IgE epitope sequence from Pen i 1 was extended to include six more C-terminal residues (the N-terminal residues of this IgE epitope of Pen I 1 were not determined). Starting with FLAEEADRKYDEVAR, a set of seven peptides was generated by cutting one residue at a time from the Cterminus, until the nine-residue IgE epitope was left. For each of these sequences, the SDAP peptide similarity function was used to determine the most similar PD value in the SDAP database. Table 3 summarizes the maximum value PD max , average value PD ave , standard deviation SD(PD), and distribution score z(PD) determined for each sequence. In this experiment the minimum values PD min where always zero, because an exact match was found in the database. The distribution score z(PD) was computed with the equation:
The statistical values presented in Table 3 vary little Table 2 with the PD distribution for this peptide in the SDAP allergen database clearly demonstrates that we have retained only hits that display a high similarity with the query sequence. The z(PD)-score for the sequence FLAEEADRK with the value 4.904 is a clear cutoff between the Tur c 1 tropomyosin (z = 4.576) and Der p 1 cysteine protease (z = 6.763). When a peptide is submitted to the similarity search, a histogram of the format of Figure 2 is printed out of results over the whole SDAP database, allowing the user to choose an appropriate threshold value for significance.
DISCUSSION
Allergic diseases, including rhinitis, asthma and conjunctivitis, affect up to 30% of the population of industrialized nations. About 40 million people in the US suffer from allergic rhinitis, which accounts for over 10 million doctor visits per year (Malone et al., 1997; Platts-Mills et al., 1998) . Given the limited treatment options for allergy, a large amount of research in recent years has been dedicated to determining the structural aspects of proteins that trigger an allergic response. SDAP brings all this data into one easily accessible site. As we demonstrate for a major allergenic epitope from shrimp, searching in a database dedicated to allergens can suggest regions of similarity in proteins with no overall sequence similarity. Although the sequence is known for many allergenic proteins, IgE binding areas have been determined for only a few (Banerjee et al., 2000; Shin et al., 1998; Soman et al., 2000) . The sequence searchable list of known IgE binding epitopes, assembled from the primary literature, should develop into one of the most important aspects of SDAP. Tools for comparing a sequence to this list should help in predicting possible allergenicity in novel proteins (Gendel, 1998) . The user is cautioned here that the definition of an epitope differs with the assay system, and most of the known epitopes are limited to those that occur linearly in the protein sequence. Those currently in the list are known to react with IgE in the sera of atopic individuals, but not normal controls. Users can consult the accompanying references, via literature links to PubMed and Medline, for further details on the experimental validation.
The major challenge in allergy research at the current time is in looking for epitopes that are not linear in the sequence of the allergens. In order to understand and predict allergenic activity, one should know the structure of the epitopes on the protein surface. Only a few experimentally determined structures are available for allergenic proteins. As most known allergens belong to only a few sequence families, we plan to prepare high quality template based models using known structures. In the next development stage of SDAP, a database of 3D-model structures for allergens will be added. The predicted structures will be useful for visualization and computational studies to characterize epitope structure. For that reason, our major effort at the present time is in expanding the tools for structural comparison within SDAP and including high quality models, prepared with our EXDIS/DIAMOD/FANTOM suite (Soman et al., 2001) , for all allergens where no experimental structure has been determined.
FURTHER DEVELOPMENT
More data on allergenic proteins and their epitopes, as they become available, are being added to the lists in SDAP. Further developments will provide an expanded list of known epitopes and accompanying references, a database of homology models for allergens for which no experimental structure is available, and visualization tools for mapping epitopes on structures.
